Accurate determination of in-vivo light fluence rate is critical for preclinical and clinical studies involving photodynamic therapy (PDT). This study compares the longitudinal light fluence distribution inside biological tissue in the central axis of a 1 cm diameter circular uniform light field for a range of in-vivo tissue optical properties (absorption coefficients (μ a ) between 0.01 and 1 cm -1 and reduced scattering coefficients (μ s ') between 2 and 40 cm -1 ). This was done using Monte-Carlo simulations for a semi-infinite turbid medium in an air-tissue interface. The end goal is to develop an analytical expression that would fit the results from the Monte Carlo simulation for both the 1 cm diameter circular beam and the broad beam. Each of these parameters is expressed as a function of tissue optical properties. These results can then be compared against the existing expressions in the literature for broad beam for analysis in both accuracy and applicable range. Using the 6-parameter model, the range and accuracy for light transport through biological tissue is improved and may be used in the future as a guide in PDT for light fluence distribution for known tissue optical properties.
INTRODUCTION
When treating the surface lesions with PDT, it is often necessary to treat a lesion size as small as 1-cm in diameter, e.g., all our mice studies for treatment response to PDT use a collimator field of such a circular field [1, 2] . The light fluence rate for 1 cm circular field reduces significantly from that for an infinite large field because of the reduced photon scattering by tissue [3, 4] . The purpose of this study is to determine the longitudinal distribution of light fluence rate for the 1 cm diameter field and expressed the results as an analytical function of tissue optical properties (μ a , μ s '). We used Monte-Carlo simulation because the diffusion theory is not valid when the lateral dimension of beam geometry becomes comparable to the mean-free-path of the photons or when the region of interest is near the air-tissue interface. Literature search reveals only analytical expression for broad beams, when the lateral dimension is much larger than the mean-free path [5] . For broad beams, dependence on the two dimensional tissue optical properties (μ a , μ s ') can be simplified as a one-dimensional function of albedo, a' = μ s '/(μ a +μ s '), or diffuse reflectance, R d , so long as all spatial dimensions are scaled by the mean-free path (l = 1/(μ a +μ' s )) [5] .
MATERIALS AND METHODS

MC simulation
The setup geometry to be calculated by Monte-Carlo simulation for a semi-infinite medium with uniform optical properties, i.e. the absorption coefficient μa, the scattering coefficient μs, the scattering anisotropy g (= 0.9), and the index of refraction n (1.4 for tissue) is shown in Fig. 1a . The outside medium is air (n 0 =1). The light field is parallel and uniform inside a circle with radius R and incident toward the air-tissue interface. (R = 0.5 cm or 10 cm for broad beam except for when μ a = 0.01 and μ s '= 2 cm -1 , where R = 30 cm was used.) Most tissues have a preferential scattering in the forward direction with a scattering anisotropy g = 0.90 [6] . In the diffusion approximation, the tissue scattering is converted to isotropic conditions (g = 0) and the tissue scattering property is described by a reduced scattering coefficient μs' = μs (1-g). To improve the scoring efficiency, Monte-Carlo simulation is performed for a pencil-beam incident on a semi-infinite tissue phantom (Fig. 1b) . Details of the Monte-Carlo simulation process are described elsewhere [3] . The range of tissue optical properties (μ a between 0.01 and 1 cm -1 and μ s ' between 2 and 40 cm -1 ) is based on a review on the in-vivo tissue optical properties [7] . The ring scoring voxel has radius width dr and thickness dz at depth z and radius r in a cylindrical geometry.
Analytical expression and fitting algorithm
For 1-cm diameter circular fields, we found that Eq. (1) can fit the resulting MC data very well, typically to a depth of at least 0.5 cm or a few mean-free-path, l, whichever is larger. This fitting equation is termed 6-parameter fit since it includes 6 fitting parameters:
where φ air = P/A, A = πR 2 is called in-air fluence rate that can be calculated using the total power, P (in mW), and the treatment area, A, of the collimated beam. For a broad beam, existing literature shows that a 4-parameter fit (λ 1 , λ 2 , b, C 2 ) is sufficient to fit the MC data [5]:
.
We have modified the original form ( ) [5] to be Eq. (2) because the term that fits the buildup region only can be taken out of the final results, and one will automatically get the analytical expression for diffusion approximation, i.e., C 2 is the backscattering coefficient and λ 2 = μ eff is the effective attenuation coefficient.
The non-linear optimization routine was performed in Matlab by minimizing a standard deviation according to:
Where φ fit is based on either Eq. 1 and/or Eq. 2 to result in either 6 or 4 parameters as the results of optimization. φ MC is the MC simulation result as a function of discrete depth z i , i = 1, 2, …, N. Typical value of z i is between 0 and 2 cm in 0.01 cm steps, i.e., N = 200. Multi-variable optimization algorithm uses a deferential convolution algorithm described elsewhere [8] .
Relationship between fitting parameters and the tissue optical properties
For broad beams, we have found that all four fitting parameters are a function of R d (or a') as used by Jacques [5] . The two fitting parameters (λ 1 and λ 2 ) should be proportional to μ eff . We have found the following relationships: 
For 1-cm diameter beam, we found that that it is still possible to express the parameters λ 1 as a function of R d and the parameters λ 2 /μ eff as a function of μ eff but the λ 2 value is larger than the corresponding values for the broad beam. It is not possible to express the other fitting parameters as a function of R d alone. We have found the following relationship between them to optical properties (μ a , μ s ') as a two-dimensional function:
• , ( 1 3 ) Tables 1 and 2 show the summary results of fitting the MC simulation results for a board beam (10 cm diameter for all tissue optical properties except for μ a = 0.01 cm -1 and μ s ' = 2 cm -1 , where a 30 cm diameter circular beam was used) and a 1-cm diameter beam, respectively, for depth up to 3.5 cm deep. For 1-cm diameter circular beam, C 3 approaches zero for a subset of data (μ a ≥ 0.1 cm -1 ) so that only a 4-parameter fit is necessary. In this case, the value of λ 3 is unnecessary and its value is expressed as " -" in Table 2 . 1-a') , where the albedo a' = μ s '/(μ a +μ s '). R 2 refers to the goodness of fit between the R d and Eq. 14. Figure 2 show the fitting results for the 4-parameters used for broad beam and Eqs. 4 -7. The fitting is performed using the curve fitting tool from Matlab global optimization toolbox (cftool.m). R 2 of the fitting results are all very good (R 2 > 0.98). For broad beam, as pointed out in previous publication [5] , the diffuse reflectance can be used in place of the pairs of optical properties (μ a , μ s '). The R d values are obtained from MC simulation [3, 4] and are listed in Table 1 and Figure 3 . An analytical expression based on the same form as a diffusion approximation [9] can be determined between R d and the albedo, a' as: Figure 4 sh Notice tha function of found that particularly the MC da data.
RESULTS AND DISCUSSIONS
A compari properties cm beam a (Eq. 10) fo Figure 5 sh beam using we have al 
